The effects of abscisic acid, zeatin, and gibberellic acid on the development of somatic embryos from cultured cells of caraway (Carum carvi L.) were observed.
Somatic embryos complete development on a basal medium without exogenous hormones, but some are subject to developmental abnormalities induding malformed cotyledons and accessory embryos. Both zeatin and gibberellic acid, especialy in combination, stimulate growth and increase the frequency of aberrant forms. Zeatin causes the formation of multiple shoots, leafy and abnormal cotyledons, and in the dark, enlarged hypocotybls; gibberelic acid effects root elongation, polycotyledony, and some caflus formation. In contrast, abscisic acid, at concentrations which do not inhibit embryo maturation, selectively suppresses abnormal proliferations. With abscisic acid, and especially in the dark, a high percentage of embryos complete development with two fleshy cotyledons on unelongated axes free of accessory embryos.
In the light, zeatin eliminates abscisic acid inhibition while gibberellic acid only partially counters its effect, promoting elongated radicles and green rather than white cotyledons. In the dark, zeatin in combination with abscisic acid stimulates extensive callusing. Gibberellic acid does not reverse the effects of abscisic acid but rather enhances them and can counter the disruptive effects of zeatin.
The results demonstrate that the balance between abscisic acid on the one hand and zeatin and gibberellic acid on the other can effectively control somatic embryo development and either disrupt or ensure normal maturation.
Embryos can now be readily grown from cultured cells of certain angiosperms such as caraway (2) or carrot (3) following a simple sequential procedure. These somatic embryos are structurally comparable to zygotic embryos (19): they pass through the same globular, heart-shaped and torpedo stages as do seed embryos and give rise to axes with a root apex at one pole and cotyledons and a shoot apex at the other.
In populations of somatic embryos, there is a range of aberrant forms in addition to dicotyledonous embryos: embryos with too few, too many, or malformed cotyledons or callused shoots; those with accessory embryos along the hypocotyl; and multiple embryos with many root-shoot axes arising from one morphogenetic unit. The frequency of occurrence of these unusual forms can vary from experiment to experiment or from culture to culture but is generally high enough to be in contrast to the uniformity seen in zygotic embryos where, with the exception of ISupported by a Barnard College Research Grant. differences in length, the frequency of abnormal forms is rather low. Why does the course of development proceed normally in zygotic and some somatic embryos while in others it is diverted? It has been suggested (3) that these changes may be related to imbalances in the culture medium or environment. If that is the case, modifications in these parameters may serve to reestablish a balance and consequently foster more normal embryogenesis.
Previous work (1, 2) has shown that abscisic acid exerts a striking and selective effect on somatic embryos grown from cultured cells of caraway. When used at concentrations which permit embryo development to proceed (usually 10-6 or 10-7 M), ABA inhibits many of these abnormalities. These studies demonstrated that light exerts a strong stimulus to abnormal embryo development and that ABA can counter many of its effects. However, the most normal maturation occurs when embryos are grown in complete darkness: the vast majority of ABA-treated dark-grown embryos form two fleshy (rather than leafy) cotyledons on unexpanded radicles free of extraneous proliferations. By selectively inhibiting developmental abnormalities while permitting embryo maturation to proceed, ABA ensures normal somatic embryo development.
Numerous investigators working in other systems have shown that certain growth regulators, including the cytokinins and gibberellins, can act as antagonists to ABA-induced inhibition (11) . Both cytokinins and gibberellins exert strong morphogenetic effects on excised zygotic embryos and cultured cells (24) . Given the effect of ABA on caraway somatic embryos, the question arises as to how these substances would interact with ABA during embryo maturation.
The purpose of this investigation was to study the effects of zeatin and gibberellic acid (GA3), as naturally occurring representatives of the cytokinins and gibberellins, and their interactions with ABA on the development of somatic embryos from cultured caraway cells. To assess the extent of normal and abnormal embryo development, each population was examined under the dissecting microscope. The frequency of occurrence of certain morphological types was recorded for each replicate, and the average frequency (± SE) for the replicates of each treatment was determined. All embryos which had passed the heart-shaped stage, or were larger than 2 mm in the case of callused embryos, were counted.
As one indication of the extent of abnormal growth, embryos were classified into four categories: single embryos (one rootshoot axis, no accessory embryos); accessory embryos (single embryos with at least two additional and usually smaller embryos arising from the hypocotyl); multiple embryos (two or more embryos of similar size arising from one morphogenetic unit); and callused embryos (those with especially aberrant morphology).
As an indication of shoot morphology, the first two categories described above (single and accessory embryos) were scored as to the number of cotyledons: none, one, two, three, and more than three. Figure 1A shows a crop of caraway somatic embryos grown in continuous light in the basal medium without exogenous hormones; Figure 1B , those reared in complete darkness. Both demonstrate the range of forms typically seen in control populations: single dicotyledonous embryos, multiple embryos, and those with accessory embryos. Since these can slough off into the medium and continue developing, all stages from globular to cotyledonary are present. In addition, those grown in the light show green, expanded cotyledons and mature leaves, often in lieu of cotyledons. In both light and dark, malformed cotyledons are conspicuous.
RESULTS

Effects of Zeatin.
Zeatin at concentrations of 10-8 to 10-6 M promotes the growth of caraway somatic embryos ( Fig. 2 ) and disrupts many aspects of normal development, generating higher levels of aberrant embryos (Table I ). In the light, zeatin promotes the inception and maturation of additional centers of growth leading to multiple embryos and the formation of large, abnormal, and multiple cotyledons (Fig. 1C) . The response to zeatin is similar in dark-grown populations (Fig. 2) , but with smaller increases in abnormal structures (Table I ). In addition, there is extensive enlargement of the hypocotyl region of many embryos (Fig. 1 D) , a response similar to etiolation of dark-grown seedlings but one which is typically absent in dark-grown control populations (Fig.  1B) . Not unexpectedly, the regions of cell enlargement are free of accessory embryo formation; this probably accounts for the smaller increase in multiple embryos. Although the response to zeatin may differ depending upon the presence or absence of light, the over-all effect of any treatment is to promote growth but disrupt normal ontogeny over and above the levels observed in control populations.
Interactions of Zeatin and Abscisic Acid. Embryos grown in media supplemented with 10-7 M ABA show substantially lower levels of abnormal embryos than those grown without it (Fig. 3) . In light-grown populations, ABA also prevents the greening of cotyledons and permits embryonic axes to remain unelongated and bear fleshy cotyledons (see Fig. 5A ). But it is in complete darkness that a higher proportion of embryos complete development free of abnormal proliferations, appearing similar to zygotic embryos (see Fig. SB ). As expected, fresh weights are considerably reduced (Fig. 2) .
Zeatin added along with ABA can counter its effects, but only in the light. Increasing zeatin concentration reverses the inhibition to growth (Fig. 2) , fostering elongated axes and expanded, green cotyledons (see Fig. 5C ). The combination also generates a progressive increase in aberrant embryos (Figs. 3 and 4) . This is not a simple reversal, however, for the shift to callused embryos and monocotyledony does not occur when zeatin alone is added. This interaction between ABA and zeatin is more evident in dark-grown treatments (Fig. SD) , where increasing the zeatin to ABA ratio produces no change in fresh weight (Fig. 2) and effects exceptionally high levels of callused embryos (Fig.  3 ), higher than in control, zeatin-, or ABA-treated populations (cf. Table I ).
Although a more complete reversal.of ABA growth inhibition by zeatin occurs in the light, the basic effect on embryo maturation is the same in light or dark: a disruption of the ability of ABA to ensure normal maturation.
Effects of Gibberellic Acid. When used at concentrations from 10-8 to 10-6 M, GA3 promotes the growth of caraway somatic embryos (Fig. 6) . It has little effect on the relative distribution of normal and abnormal embryos (Table IIA) , except for a small increase in the percentage of callused embryos; but it does promote cotyledon development, affecting both size (Fig. 1E) and number (Table IIB) . Some embryos grown in media with GA3 exhibit extensive root growth (Fig. 1F) , a feature rarely seen in those grown in the basal medium. Therefore, GA3 affects embryogenesis differently than zeatin, but, as with zeatin, it raises the frequency of developmental abnormalities.
Interactions of Gibberellic Acid and Abscisic Acid. Gibberellic acid in combination with ABA can reverse some of its effects only in the light. In those populations, GA3 with ABA permits greening of the cotyledons (they remain white with ABA alone) and axis elongation (Fig. SE) , effecting longer radicles and cotyledons (Table III) . The combination does not promote root or shoot growth and generates only small increases in the incidence of callused embryos (Fig. 7) . Consequently, there is only a small increase in fresh weight (Fig. 6) .
In the dark, however, GA3 with ABA brings about no change in fresh weight (Fig. 6 ) and effectivelypromotes normal development (Fig SF) , fostering a higher proportion of dicotyledonous embryos free of extraneous proliferations (Fig. 7) than observed in crops raised with ABA alone. Gibberellic acid increases the incidence of aberrant embryos when added alone, but enhances normal development when in combination with ABA, provided embryos are grown in complete darkness.
Interactions of Zeatin, Gibberellic Acid, and Abscisic Acid. Previous observations showed that both zeatin and GA3 counter the effects of ABA in the light and that ABA could be most effective when embryos were grown without exposure to light. Studies of the interaction of all three hormones were restricted to populations grown in complete darkness.
Media containing zeatin and GA3, but not ABA, stimulate increases in fresh weight greater than either one alone (Fig. 8A ) and promote extensive root growth (Fig. 9A ) and high levels of multiple and callused embryos (Fig. 10A) . In contrast, embryos reared in media with ABA in addition to zeatin and GA3 show only small increases in fresh weight over those in media with ABA alone (Fig. 8B) . More important, they are also surprisingly normal in appearance (Fig. 9B) and have the same distribution of embryonic types (and high levels of single, dicotyledonous embryos) as those grown with ABA alone (Fig. 10) .
As seen earlier, ABA fosters normal embryo development in the dark but zeatin counters that effect to promote unorganized growth. The high frequency of normal embryos in populations with equimolar concentrations of zeatin, ABA and GA3 demonstrates, therefore, that GA3 can antagonize the disruptive effects of zeatin and "assist" ABA in ensuring normal ontogeny and maturation.
DISCUSSION
These results demonstrate that manipulating the balance of ABA, zeatin, and GA3 in the external medium can effectively control caraway somatic embryo development and either disrupt or ensure normal maturation. Caraway somatic embryos complete development on a basal medium without exogenous hormones but are subject to a range of developmental abnormalities. Abscisic acid selectively suppresses these abnormal processes and permits more normal maturation, while zeatin and/or GA3 increase the frequency of aberrant structures and, in addition, counter the effects of ABA, although they do so to different degrees. If growth is in complete darkness, zeatin reverses the response to ABA and disrupts organized growth, while GA3 with zeatin and ABA ensures normal development.
These observations support the concept that hormonal balances play an essential role in directing the course of somatic embryo development. Treatments that promote the most normal maturation appear to establish, first, a balance between inhibitors such as ABA and promoters such as zeatin and GA3 and, second, a balance among the various promoters.
In interpreting these results, exogenous hormones may be seen as supplementing endogenous levels and either establishing or disrupting the balances essential to normal ontogeny. Since plant growth hormones may also modify membrane permeability (7) and, especially, alter the uptake of other hormones (5), (18) ; others used kinetin (9) . Excised zygotic embryos, especially if immature, profited from either coconut milk (24) or cytokinins (14) . However, somatic embryos have been grown in hormone-free media (2) and, as also reported here, cytokinins disrupt their development (8) . Gibberellins promoted the development of some excised zygotic embryos (6); with others, it inhibited shoot initiation and promoted root growth (14) . ABA has promoted callus formation on Ipomea cotyledons (16) and inhibited callusing of excised immature barley embryos (13) . The contrasting effect of each hormone may be interpreted as being due, at least in part, to its effect on the total hormonal balance.
Given the precise and consistent development of zygotic embryos in ovulo, it seems likely that hormonal balances also exist in the embryo sac. Certainly seeds, endosperm, and embryos are rich sources of many hormones, including cytokinins, gibberellins, and inhibitors (17, 18) 
